Abstract-In this paper, a novel quasi-periodic structure for rectangular waveguide technology is proposed. The constituent unit cells of the structure feature a resonant behavior, providing high attenuation levels in the stopband with a compact (small period) size. By applying a smooth taper-like variation to the height of the periodic structure, very good matching is achieved in the passband while the bandwidth of the stopband is strongly increased. Moreover, by smoothly tapering the width of the structure, a band-pass frequency behavior is obtained. In order to demonstrate the capabilities of the novel quasi-periodic structure proposed, a band-pass structure with good matching, wide rejected band, and high-power handling capability has been designed, fabricated, and measured obtaining very good results.
INTRODUCTION
The study and development of periodic structures for waveguide technologies has always been an important research topic in the microwave community [1] . The filtering properties of these structures continue providing new tools for the design of devices with stringent specifications [2] . Initially, the constituent unit cells of the periodic structures presented sharp discontinuities [3] . Later, the analysis and employment of smooth periodic structures in waveguides was found of great interest [4] [5] [6] [7] [8] . In [9] , the Kovalev condition states a simple relationship between the period of the periodic structure and the difference in the propagation constants of the interacting modes. This concept (also known as Bragg condition when being applied to the interaction between the forward and backward travelling waves of the same mode) was exploited in [10] to design a structure that rejects the undesired spurious passbands of an E-plane corrugated low-pass filter, strongly improving its out-of-band frequency behavior. Unfortunately, as it occurs in [10] , the use of periodic structures based on the Bragg effect to achieve high attenuation levels over wide rejected bands can lead to long devices, especially when the suppression of low frequencies is required since the tuning of the rejected frequencies is achieved through the period of the structures. To obtain much more compact devices, the use of resonant unit cells is proposed in [11] . With such resonant unit cells, the frequency rejected does not depend on the period (that can be kept very small) but on the height of the unit cells.
In this paper, a compact quasi-periodic structure with band-pass behavior and wide rejected band is proposed. We start from a purely periodic structure with resonant unit cells of small period to get a compact size. In order to achieve the passband, two tapering procedures with low-pass and high-pass behavior, respectively, are combined. The low-pass frequency response is accomplished by tapering the height of the resonant unit cells, following a method similar to that previously proposed by the authors in [11] . This method makes it possible to obtain a quasi-periodic structure that features good matching in the passband, high-power handling capability and a wide upper rejected band simultaneously, surpassing the limitations of classical filter design techniques, but it is only valid to obtain low-pass frequency responses. The high-pass response is obtained by applying a smooth tapering to the width of the unit cells [12] . As will be shown in this paper, this procedure to obtain the band-pass frequency response allows us to achieve a great variety of passband bandwidths, with wide stopbands and large minimum mechanical gaps (i.e., high power-handling capabilities), which are not possible with previously proposed filter design techniques [13, 14] .
A possible application for such a high-power spurious-free band-pass structure is in the field of satellite communications [15] . A high-pass response is required in the satellite transmission link of an Earth station to avoid interferences between the high-power transmitted signal from Earth and the weak received signal from the satellite (the signal received from the satellite uses a frequency lower than the signal transmitted from the Earth station). Simultaneously, a low-pass response is necessary to provide high attenuation for the second and third harmonics of the nonlinear amplifiers in the transmission path (to control spurious emissions and minimize the interference to other satellite systems). The high-power band-pass structure with wide rejected band provides both responses simultaneously and, hence, is of great interest for this application.
DESIGN OF THE QUASI-PERIODIC STRUCTURE

Resonant Periodic Structure
The periodic structure for rectangular waveguide technology employed as a starting point is depicted in Fig. 1 . Its unit cells follow a sinusoidal profile, and their resonant behavior will be exploited. When operating in resonance, the stopband frequency is fixed by the height of the unit cells, h, in contrast with the more common case of Bragg operation, where the frequency is fixed by the period, l. Specifically, in order to reject a frequency band around f 0 , exploiting the resonant behavior, h can be calculated for our periodic structure as:
where c is the speed of light in vacuum and a the width of the rectangular waveguide [11] . Indeed, inspecting Eq. (1), it can be concluded that the period of the structure, l, has no influence on the value of the rejected frequency, f 0 , for resonant operation, allowing us to include a large number of unit cells (with small l) to achieve high attenuation levels with compact devices. 
Tapering the Height of the Unit Cells: Low-Pass Response
In order to increase the bandwidth of the rejected band and to improve the matching (return loss level) of the passband, a tapering function is applied to the height of the unit cells, h, obtaining a low-pass response. The evolution of h will determine, through Eq. (1), the upper frequency of the passband, f 2 , and the bandwidth of the upper stopband, between the frequencies f min,H and f max,H (see Fig. 2 ). Specifically, a tapered quasi-periodic structure of resonant unit cells with sinusoidal profile and different heights will be defined (see Fig. 3(a) 
Tapering the Width of the Unit Cells: High-Pass Response
A high-pass frequency response is obtained by tapering the width of the unit cells as in Fig. 3(b) . The minimum width, a min , determines the cutoff frequency in the waveguide, allowing propagation above this frequency and rejecting below it, and thus achieving the high-pass frequency response. The transition between the rectangular waveguide port, a 0 , and a min contributes to the value of the overall return loss for the frequencies above the cutoff and determines the slope between the passband and the lower rejected band, i.e., between f max,L and f 1 (see Fig. 2 ). A width variation along the propagation direction, a(z), equal to the exponential function raised to cosine square has been chosen to define the transition since, as concluded in [12] , which provides the steepest rise near the cutoff and the highest return loss for all frequencies beyond the cutoff. Therefore, a(z) can be expressed as:
where l t is the length of the transition, and n and λ p are fixed to 3 and 0.9975·a min , respectively, to achieve the best high-pass performance [12] . Moreover, a 0 is determined by the operating frequency band of the waveguide port, while a min is fixed taking into account the lowest frequency of the passband, f 1 , a min ≈ c/2f 1 . The return loss and slope of the high-pass structure are also determined by the length of the transition. The longer l t , larger return loss and steeper slope will be achieved.
Since the low-pass behavior of the quasi-periodic structure is mainly determined by the tapering of the height (neither the width, a, nor the length, l) of the unit cells, only the height of the unit cells whose width has been noticeably reduced must be slightly modified after applying width variation to the quasi-periodic structure to achieve the band-pass frequency behavior.
DESIGN EXAMPLES. SIMULATION AND MEASUREMENT RESULTS
Following the design procedure explained in the previous section, it is possible to obtain quasi-periodic structures with wide stopbands and very different passband bandwidths, i.e., narrow or wide passbands can be addressed, making these structures of high interest and usefulness. We will firstly discuss the achievable passband bandwidths, showing three examples, and afterwards, we will focus on the simulation and measurement results of one of these examples to prove the performance of the novel quasi-periodic structures proposed.
Discussion on the Passband Bandwidth of the Quasi-Periodic Structure
Advanced synthesis techniques, such as the one proposed in [14] , are required to achieve band-pass filters with a wide passband in rectangular waveguide technology. Interestingly, because the method proposed in this paper is based on the combination of a high-pass and a low-pass response, a large variety of bandwidths can be now easily addressed, even very large ones. In order to prove it, three quasi-periodic Rejected bands (prototype bandwidth 10%) 0-f max,L (GHz) 0-10.64 f min,H -f max,H (GHz) 13.56-38.43 Passband (prototype bandwidth 25%; f 1 -f 2 (GHz)) 10.68-13.72
Rejected bands (prototype bandwidth 25%) 0-f max,L (GHz) 0-9.70 f min,H -f max,H (GHz) 14.66-41.25 structures have been designed with a large minimum mechanical gap and passband bandwidths equal to 1%, 10%, and 25%, respectively. They present a central passband frequency at 12.2 GHz and a wide upper rejected band up to the third harmonic. The full specification set for the structures is shown in Table 1 . In Fig. 4 , the simulated frequency responses (obtained with CST Microwave Studio) of the three devices are depicted, showing that these quasi-periodic structures can be employed to fulfil very different passband specifications with a very wide rejected band. In addition to the magnitudes of the S 11 and S 21 parameters, the relevant phase and group delay of these structures, i.e., the phase and group delay of the S 21 parameter in the passband, are also included in Fig. 4 . It is worth noting that the group delays obtained are approximately flat and, hence, the phase distortion for the propagating signal is negligible. 
Measurement Results
In order to validate the simulated frequency responses obtained in the previous Subsection, a prototype will be fabricated and measured. Specifically, we will focus on the quasi-periodic structure with passband bandwidth equal to 10%. Following the design method explained in Section 2, the final device presents a minimum width a min = 13.45 mm (f 1 = 11.59 GHz) and a length of the transitions l t = 90 mm, to achieve the required rejected band located below the passband (f max,L = 10.64 GHz). The maximum and minimum heights of the unit cells are h max = 9.2 mm and h min = 1.5 mm, to achieve the required rejected band between f min,H = 13.56 GHz and f max,H = 38.43 GHz, respectively. The number of unit cells in each section, along with other parameters of the quasi-periodic structure, are shown in Table 2 .
The minimum mechanical gap of the structure is as large as g min = 6 mm, which will provide the device with a high power-handling capability.
A prototype is fabricated in copper by electroforming (see Fig. 5 ), and the measurements are performed with an Agilent 8722 VNA. Proper waveguide-to-coaxial transitions, calibration kits, and nonlinear tapers are used to measure the frequency response of the device. The measurements, depicted in Fig. 6 , confirm the excellent results obtained in simulation, achieving return loss better than 20 dB in the passband and a high attenuation in the lower and upper rejected bands. Photograph of the fabricated quasi-periodic structure in rectangular waveguide technology. 
CONCLUSION
In this paper, a novel quasi-periodic structure with band-pass behavior is proposed in rectangular waveguide technology. In order to achieve the band-pass behavior, a combination of low-pass and a high-pass response is performed. The low-pass response is obtained by tapering a periodic structure which consists of resonant sinusoidal unit cells. The height of the unit cells is tapered to obtain a wide rejected band and required return loss in the passband, while the small period of the unit cells is kept constant. Moreover, the high-pass behavior is achieved by means of an appropriate tapering of the unit cells width. The resulting quasi-periodic structures can achieve a large variety of passband bandwidths, even very large ones, and show good matching and a wide rejected band, up to the third harmonic, much wider than that achievable by means of classical waveguide band-pass filters. Moreover, the structures feature a large minimum mechanical gap that makes their use possible in high-power applications. The implementation of waveguide band-pass filters and diplexers with demanding specifications (wide rejected band, wide passband and/or high power operation) are very promising applications for the novel quasi-periodic structures proposed.
